The aim of this work was to investigate the application of artificial electron transfer mediators for the pyrroloquinoline quinone-dependent soluble glucose dehydrogenase (PQQ-sGDH) catalyzed lactose oxidation reaction. 1-(N,N-dimethylamine)-4-(4-morpholine)benzene (AMB) and N,N'-dimethyl-4,4'-azopyridinium methyl sulfate (MAZP) were used as mediators. The mediators showed a high reactivity with a reduced form of PQQ-sGDH and were used to determine the PQQ-sGDH catalyzed lactose oxidation parameters at pH 7.0 and pH 8.0.
INTRODUCTION
The current demands of sustainable green methodologies have increased the use of enzymatic technology in industrial processes. Employment of enzymes as biocatalysts offers the benefits of mild reaction conditions, biodegradability and catalytic efficiency [1, 2] . Among the enzymes the application of oxidoreductases in the conversion of organic compounds is very attractive for biocatalysis because of the appropriate catalytic activity and substrate specificity of the enzymes [1] [2] [3] [4] [5] [6] .
Quinoprotein oxidoreductases (QPOs) are known to catalyze the oxidation of a wide range of structurally diverse alcohols, primary amines and carbohydrates [6] [7] [8] . Carbohydrate dehydrogenases are most common among these QPOs. QPOs can be distinguished by their localiza-tion, i.e. as a soluble or membrane-bound enzyme. Both soluble and membrane-bound forms of glucose dehydrogenase have been found [6, 9] . Soluble pyrroloquinoline quinone (PQQ)dependent GDH originating from Acinetobacter calcoaceticus (PQQ-sGDH) is a homodimeric enzyme containing one PQQ and three Ca 2+ ions per monomer [10] . The enzyme has a broad substrate specificity. GDH catalyzes the oxidation of monosaccharides, such as glucose, xylose and galactose, as well as disaccharides, such as lactose and melibiose. The products of carbohydrate oxidation are the corresponding lactones [9, 11] . GDH acts according to the ping-pong mechanism, and both substrate inhibition by glucose and a negative cooperativity effect have been demonstrated [11] . The structure of the enzyme has been resolved, and the catalytic mechanism of the reductive halfcycle has been elucidated [12, 13] .
Because of a high catalytic activity, insensitivity to atmospheric oxygen and a broad sacharidic substrate specificity PQQ-sGDH can be applied in many fields including construction of biosensors and bioconversion systems [5, 6, [14] [15] [16] [17] . Practical applications of the PQQ-sGDH require an effective enzyme reoxidation process. Oxygen reacts slowly with the reduced enzyme, and the reactivity of organic compounds acting as artificial electron acceptors is in general higher [5, 18] . The high reduced enzyme oxidation rate is an important step for effective enzyme turnover.
Lactose solution in the form of whey is produced in an annual quantity of 145 million tons of which only approximately 60% is utilized. One of value-added products derived from lactose is lactobionic acid (4-O-b-D-galactopyranosyl-Dgluconic acid). Production of lactobionic acid and its salts and their applications were reviewed in [19, 20] . The growing commercial relevance of lactobionic acid has prompted the development of novel systems for its biotechnological production that are both sustainable and efficient.
In this work we investigated the mediators for the efficient PQQ-sGDH regenerating system during lactose oxidation ( Fig. 1 ). Two mediators -1-(N,N-dimethylamino)-4-(4-morpholynil) benzene (AMB) and N,N'-dimethyl-4,4'-azopyridinium methyl sulfate (MAZP) -were used for the PQQ-sGDH catalyzed lactose oxidation reaction. AMB showed to be an effective electron transfer mediator for the PQQ-sGDH -its bimolecular reactivity with the enzyme constants reaches a value of 4.9 × 10 7 M -1 s -1 [4] . MAZP is a new mediator, but it was shown to be effective in regeneration of an oxidized form of quinohemoprotein alcohol dehydrogenase [21] . Both mediators have a moderate redox potential (396 mV and 390 mV for MAZP and AMB, respectively [22, 23] ). In our work we choose the electrochemical oxidation as the method to oxidize the mediator. The electrochemical regeneration of the oxidized mediator form is a convenient method considering the absence of by-products in an enzymatic reactor [24] . Moreover, the reduction of the regeneration scheme to only one biocatalyst increases the preparative value of the biocatalytic synthesis.
EXPERIMENTAL

Materials
Recombinant Acinetobacter calcoaceticus PQQdependent GDH (PQQ-sGDH) was purified as described in [25] . The enzyme solution was prepared using deionized water, and the molar concentration was calculated assuming the molecular mass of the enzyme to be 100 kDa [9] . N,N'-dimethyl-4,4'-azopyridinium methyl sulfate (MAZP) and 1-(N,N-dimethylamino)-4-(4morpholynil) benzene (AMB) were synthesized as described previously [22, 23] . Solutions of AMB and MAZP were prepared in methanol and deionized water, respectively. D-(+)-lactose was from Lach-Ner (Czech Republic). Solutions of the lactose were made in deionized water and allowed to mutarotate 1 day before use. All buffer reagents and other chemicals were of analytical grade.
Kinetic measurements and calculations
The parameters of PQQ-sGDH catalyzed lactose oxidation and of the reactivity of the enzyme with electron transfer mediators were determined by observing the mediator-dependent ferricyanide reduction [26, 27] . In the coupled assay the increase of the rate of low reactive substrate (ferricyanide) reduction is determined by the rate of enzyme interaction with a mediator and a substrate. The oxidation of the mediator with ferricyanide does not limit the process. The reduction of ferricyanide was monitored spectrophotometrically at 420 nm using a Nicolet evolution 300 spectrophotometer (Thermo Electron Corporation, USA). The concentration of ferricyanide was calculated using its molar extinction coefficient of 1 mM -1 cm -1 [28] . The initial ferricyanide reduction rate was calculated as the slope of ferricyanide concentration change during initial 60 s. To calculate the rate of enzyme catalyzed lactose oxidation the rate of ferricyanide reduction was multiplied by 2.
The dependence of the initial rate of reaction on the mediator and lactose concentration was analysed by applying the ping-pong enzyme reaction scheme, which included the reversible inhibition of the enzyme with an excess of substrate:
Here E ox and E red are the oxidized and reduced forms of the PQQ-sGDH, respectively, ES is the enzyme-substrate complex, E in is the inactive enzyme form, S and P are the substrate and its oxidized product, respectively, M ox and M red are the oxidized and reduced forms of the mediator, respectively, enzyme catalytic constant k cat = k 2 , Michaelis constant for substrate K M = (k -1 + k 2 )/k 1 , bimolecular enzyme and substrate reactivity constant k red = k 1 k 2 / (k -1 + k 2 ), bimolecular enzyme and mediator reactivity constant k ox = k 3 , and the enzyme inhibition with the substrate constant is K in . The ping-pong scheme of enzyme action and inhibition of the quinoproteins by their substrates were demonstrated in previous kinetic studies [5, 18] . Following this scheme (Eqs. 1-3), the dependence of the initial reaction rate on substrate, mediator and enzyme concentrations was expressed:
Here E total is the total concentration of the enzyme in the reaction mixture. MAZP was considered as two-electron acceptor, and AMB as one-electron acceptor, and to compare these two mediators 2 k ox must be used in the analysis of the data for AMB. All the calculations and the fitting of experimental data to Eq. 4 were performed using the MathCad 2001 software.
Electrochemical measurements
The cell of electrochemical measurements consisted of two chambers, namely anodic and cathodic chambers, which were interconnected by a bridge of electroconductive agarose gel. Rolled platinum wires (diameter 0.3 mm, length of each unfolded wire approximately 30 mm) or carbon fiber thread fixed on a collector of graphite rods were used as working (anode) and auxiliary (cathode) electrodes. The carbon fiber thread was treated before use by boiling with reflux in concentrated nitric acid for two hours as described in [29] . The reference electrode was a saturated calomel electrode (SCE) placed in the chamber of a working electrode. The kinetic curves of the anodic current were registered maintaining a fixed potential of the working electrode (300 mV vs SCE). The mediator, lactose and enzyme were added to the working electrode chamber, which was filled with the buffer solution. Charge (Q, C) passed during the electrolysis time (t el , s) was calculated by integrating kinetic curves of current according to time, whereas Q normalized by Faraday constant (F = 9.648534 × 10 4 C mol -1 ) gives the number of moles of electrons transferred during the electrolysis (N, mol). Assuming the stoichiometry of redox conversions of the mediator and lactose, N divided by 2 (N/2, mol) was used to calculate the yield of the electrolysis (Y%) and the total turnover numbers of the mediator and the enzyme (TTN M , and TTN E , respectively). The average turnover number of the enzyme (ATN E ) was calculated by normalizing TTN E to electrolysis time.
RESULTS AND DISCUSSION
The parameters of PQQ-sGDH catalyzed lactose oxidation and the reactivity of the enzyme with electron transfer mediators The coupled ferricyanide reduction assay is a very convenient method to determine the parameters of the enzymatic reaction. The fast reaction of
ferricyanide with a reduced form of the mediator the oxidized form of the mediator is generated. Considering the redox potentials of the investigated mediators and ferricyanide and a large excess of the ferricyanide concentration (about 1 mM) over the mediator concentration (10 µM or less) their bimolecular reaction equilibrium shifted to the formation of the oxidized form of the mediator.
In the case of both mediators their addition to the reaction mixture increased the rate of the ferricyanide reduction significantly ( Fig. 2a) . At the maximal investigated concentration of the mediator (10 µM) the reaction rate dependence on the lactose concentration was studied. The rate increased when the lactose concentration in the reaction mixture was less than 2 mM, and at the concentrations of lactose above 2 mM the inhibition of the enzyme reaction was observed ( Fig. 2b) . The ping-pong enzyme reaction scheme with enzyme inhibition by the substrate (Eqs. 1−3) was used to analyse the dependence of the rate on the mediator and substrate concentration and the constants of PQQ-sGDH catalyzed oxidation of lactose in the presence of the mediator AMB or MAZP were calculated (Table 1) . k ox is the measure of the reactivity of the mediator with the reduced form of the enzyme, and the high values of this constant for both investigated mediators define them into a group of highly reactive compounds [5] . The similarity of the parameters of lactose oxidation in the case of both mediators confirms the ping-pong scheme of the enzyme action. It is important that the catalytic activity of the PQQ-sGDH decreases only slightly as the pH of the reaction mixture is shifted to pH 8.0 -k cat decreases by 35-48% and k ox by 20-30%. At the same time the shift of pH of the reaction mixture allows one to significantly decrease the inhibition of PQQ-sGDH with the substrate -the value of K in increases more than 3 times. 
Electroenzymatic lactose conversion to lactobionic acid
The use of mediators for regeneration of the oxidized form of the PQQ-sGDH was investigated through the electrochemical oxidation of the mediator. During an electrochemical reaction, the anodic and cathodic compartments are separated by an electroconductive agarose gel which ensures the charge transfer between the compartments. The working electrode, on which the mediator is oxidized, is an anode, and the enzymatic reaction of substrate oxidation occurs in this electrode chamber. The counter electrode is the cathode, on which the secondary electrochemical reaction (usually the reduction of the proton resulting in the production of molecular hydrogen) occurs [29] . The kinetic curves of the anodic current for the mediator AMB at two different working electrode potentials are shown in Fig. 3 . The increase of the current was observed after the addition of AMB to the chamber of the working electrode. The calculated number of moles of electrons passed during the electrolysis corresponded to the added amount of AMB, considering one electron oxidation of AMB on the electrode. Lactose and PQQ-sGDH were added to the cell when almost all the AMB was oxidized. After the addition of the substrate and the enzyme, the increase in the current was registered. The oxidation of the lactose catalyzed by PQQ-sGDH proceeded according to the ping-pong scheme (Eqs. 1 and 2, inhibition reaction Eq. 3 was omitted as the used concentration of the lactose of 0.33 mM was much lower than the inhibition constant). The reduced mediator formed during the reaction of enzyme oxidation was re-oxidized on the surface of the working electrode, resulting in the increase of the current. In the case of MAZP the chronoamperometric curves (Fig. 4) were different at the beginning of the process. The MAZP at its initial form is oxidized, so after the addition of this mediator to the working electrode chamber no current change was registered. After the addition of the lactose and enzyme the current increase and other changes in the current were the same as for the mediator AMB. The concentration of the substrate in the working electrode chamber decreased due to the consumption during electrolysis, consequently decreasing the rate of enzymatic reaction and the registered current of electrochemical mediator oxidation. After 32 min of electrolysis the conversion of substrate was 76% and higher ( Table 2) , and the maximum turnover numbers of the enzyme and of the mediator were 958 and 4.4, respectively. In the case of MAZP, the TTN E , TTN M and Y increase slightly at a higher electrode potential, ant the increase can be explained by the more efficient mediator oxidation on the electrode. In the case of AMB the TTN E , TTN M and Y decrease, and the decrease can be related to the second electron oxidation of AMB and the formation of an unstable product at a higher potential [23] . Electrode potentials of 250 mV vs SCE and of In attempt to increase the enzyme turnover number and the productivity of the system the electrolysis time was extended to 3-5 hours and the higher initial concentration of the substrate -0.1 M -was added to the reaction mixture. Two different electrodes were used as the working electrode and the electrolysis was performed in the buffer solution of two different pH -7.0 and 8.0. To compare the results of different investigated cases the system productivity (as mg of lactobionic acid/mg of the enzyme) and the average enzyme turnover number during the electrolysis time (1/min) were calculated ( Table 3 ). The maximum system productivity and the average turnover number of the enzyme were reached with the mediator AMB when the pH of the buffer solution was 8.0 and the carbon fiber electrode was used as the working electrode. For this case 6.8 mg of the lactose oxidation product -lactobionic acid -was produced during the electrolysis time of 252 min, and the total turnover number of the enzyme reached the value of 7.6 × 10 4 . The results can be explained considering a much higher electrode surface area for the carbon fiber electrode, a lower inhibition of the enzyme by substrate at pH 8.0, and a higher reactivity with the enzyme of AMB than of MAZP.
CONCLUSIONS
The investigated mediators showed a high reactivity with the PQQ-sGDH. The bimolecular rate constant of reactivity of the reduced form of the enzyme with MAZP or the radical cation of AMB was determined to be (5.7 ± 0.4) × 10 7 M -1 s -1 or (8.8 ± 0.4) × 10 7 M -1 s -1 at pH 7.0, respectively. The enzyme catalyzed lactose oxidation parameters were determined using the mediators. The analysis of the parameters showed that the inhibition of the enzyme by substrate significantly decreased at pH 8.0, whereas the catalytic activity of the enzyme decreased only slightly. The use of AMB and MAZP for regeneration of the oxidized form of PQQ-sGDH was investigated by applying the elctrochemical oxidation of the mediator. The maximum electroenzymatic lactose bioconversion yield and PQQ-sGDH turnover number were reached when the buffer solution pH was 8.0 Table 2 . The numbers of moles of electrons transferred during the electrolysis (N/2), the total turnover numbers of the mediator and PQQ-sGDH (TTN M and TTN E ) and the yield of the electrolysis (Y) with various mediators and the working electrode potential at pH 7.0, electrolysis time 32 min, amounts of mediator, lactose and enzyme were 2.0 × 10-8 mol, 1.0 × 10-7 mol and 9.1 × 10-11 mol, respectively Table 3 . Dependence of the average turnover number of the enzyme (ATN E ) and of electroenzymatic system productivity (P, mg of lactobionic acid/mg of PQQ-sGDH) on the mediator, medium pH and working electrode type and AMB was used as an electron acceptor, which was oxidized on a carbon fiber electrode of a large surface area.
